Introduction
Polymer nanocomposites with improved mechanical, electrical or thermal properties have been investigated intensively, and they have become one of the important classes of materials [1, 2] .
The change in their properties is intimately related to the aspect ratio, microscopic arrangement of the disperse phase, chain-filler interaction, as well as the formation of filler-filler networks.
For example, the presence of filler could significantly influence the polymer chain dynamics, consequently influencing crystallization during shear flow and ultimately mechanical properties of the polymer [3, 4] . Melt rheological studies have revealed that the presence of nanoparticles in polymers perturbs the microscopic inter-chain arrangement of the polymer network, influencing the linear rheological properties [5] . Understanding the influence of nanofillers on polymer dynamics is crucial for the design and process of nanocomposites with desired properties, for example decrease in entanglement density and ease in processability by incorporating nanofillers [6, 7, 8, 9, 10] . It has also been reported that a strong shear flow, with De (τ retraction ×) > 1, plays a crucial role in the polymer chain stretching and orientation, resulting in the formation of highly anisotropic, oriented structures upon crystallization [11, 12] . For example, shish-kebabs composed of two distinctive morphologies have been observed under flow condition: the shish structure having large crystal thickness and kebab by relatively thinner folded chain crystals [11] .
It is reported in early research on formation of shish-kebab structure during crystallization that the long chain component plays a catalytic role that recruits adjacent chains into the formation of the shish [13] . Important to notice is that in the presence of nanoparticles, the shish-kebab structure that arises from the significant chain stretch and orientation can be enhanced [11] .
However, the influence of the filler and filler-chain interaction on the formation of anisotropic structure induced by shear flow remains unclear.
Recently, graphene has attracted considerable attention due to its remarkable electrical, thermal and mechanical properties and its potential in developing high performance nanocomposites [14, 15, 16, 17] . Due to its very high aspect ratio [18] and theoretical specific surface area -2630 m 2 /g [19] , graphene is capable of modifying the material properties at very low loadings. For example, 0.028 vol % of graphene in UHMWPE is reported to produce a composite having electrical conductivity [20] . To obtain graphene or reduced graphene oxide, one of the most commonly used method is thermal reduction of graphene oxide nanoplatelets (GON). It is reported in early research that at temperature as low as 150 °C, GON can be reduced to rGON, as indicated by XPS [21] . In addition, low graphene concentrations could hinder polyethylene chain dynamics causing a drop in complex viscosity [6] . To recall, Liu et al.
reported that with increasing graphene content up to 0.8 wt %, the complex viscosity of UHMWPE drops to a minimum value [6] . It is of interest to investigate the influence of molar mass, in the presence of graphene, on the rheological response. The drop in viscosity in the presence of filler is of commercial as well as fundamental interest. The reduction in viscosity facilitates the ease in processing of polymers, and demonstrates the significance of chain-filler interaction on morphology development in quiescent as well as flow conditions.
Prior to the reported studies on graphene, the influence of rigid and layered nanoclay particles [22, 23, 24, 25] and high aspect ratio carbon nanotubes (CNTs) [11, 26] on the shear induced orientation of polymer composites or composites solutions has been extensively investigated.
The orientation of clay/polymer nanocomposites induced by shear has been mainly attributed to the orientation of clays that formed regular structure during shear [22] . CNTs filler is found to be responsible for the chain orientation, that results into the orientated structure of the composites after shear and crystallization [11] . It has also been reported that CNTs could act as shish in the formation of hybrid shish-kebab structure due to its considerably high relaxation time and nucleation efficiency [26] .
In this publication, following a two-step preparation method, the HDPE/rGON composites are prepared [6] . To recall, combination of the stability of GON dispersion in water and the ease in reduction of GON by heat treatment allows the homogeneous dispersion of nanosheets in the polymer matrix. The influence of rGON on chain orientation during shear deformation and subsequent crystallization is investigated by time-resolved WAXD/SAXS studies. These findings are linked with linear rheological response of the composites. A comparison with our earlier studies shows the relevance of molar mass on the drop in storage modulus at high frequency.
Experimental

Materials
Graphene oxide nanosheets (GON) were prepared using a modified Hummers method [6, 27] .
Materials for the synthesis of GON were purchased from Sigma-Aldrich. HDPE (in the form of fine powder) was purchased from Dow Chemicals. All the reagents were used as received. The estimation of molar mass (M w ) and molecular weight distribution (MWD) of HDPE was carried out by melt rheology using an Advanced Rheometrics Expansion System (ARES) rheometer.
The molar mass parameters were calculated using an Orchestrator software based on refs 28
and 29 and the results are shown in Figure 1 . .0 wt %, were prepared using the method described above.
Characterization of filler and composites
A JEOL-2000FX Transmission Electron Microscope (TEM) was used to observe the exfoliation state of GON in water with an applied voltage of 200 kV. A bench top D2 X-ray Diffraction (XRD) with a radiation wavelength of CuK α , 0.154 nm, was used to characterize the oxidation state of GON. X-ray photoelectron spectroscopy (XPS), using Al K∝ micro-focused monochromator as X-ray source, was used to characterize the elemental composition of GON and rGON, respectively. The XPS spectra were fitted using Thermo Scientific Avantage data system and Origin software. 
Results and discussion
Morphology of filler
The exfoliation and oxidation state of GON were characterized by TEM and XRD, Figure 2 . The thermal reduction of GON at temperature of 160 °C was investigated by XPS, and the high resolution C1s peaks of GON and rGON are reproduced in Figure 3 and the corresponding data are shown in Table 1 
As observed in Figure 3 , Table 1 and Table 2 , after thermal reduction the C-C peak increases at the expenses of the C-O peak, indicating successful reduction at temperature of 160 °C. Such reduction at low temperature has also been reported in reference [21] .
Rheological response
Linear oscillatory rheology is a well-established technique in the study of polymer-based nanocomposites [31] . Absolute values of the storage (G') and loss (G") moduli, as well as their frequency dependence, reveal viscoelastic response of the polymer and influence of filler on polymer matrix. been reported in earlier studies [32, 34, 35] . It is further noticed that by increasing the filler concentration, Figure 4c , the decrease in the absolute value of the damping factor (tan (δ) = G"/G') becomes more evident at the low frequency range (<0.1 rad/s). At a filler concentration of 6.0 wt %, a second cross-over point appears at low frequencies suggesting the formation of a weak network arising from the percolation of rGON sheets in the polymer melt, Figure 4d Similar observations have been reported in the composites of polycarbonate/CNTs, where the authors have reported significant increase in G' at low frequencies and the appearance of a second cross-over point at low frequencies with the increase in concentration of CNT [36] . rad/s) of elastic and viscous moduli have been chosen. From the data it is apparent that for the frequencies above the cross-over point the elastic modulus is nearly independent of the filler concentration, whereas the strong influence of filler concentration on modulus at frequencies below the cross-over point, close to the terminal region, is observed. The dependence of the filler concentration on the elastic modulus, below the cross-over point, suggests that due to the interaction of polyethylene chains with rGON, the chain dynamics is influenced to an extent that the viscous response of the viscoelastic polymer melt is strongly affected. Figure 5 . Storage modulus (G') of HDPE/rGON nanocomposites recorded at different frequencies for a range of filler concentrations. Two frequencies of 10 rad/s and 1.6 rad/s are above the cross-over point (0.2-1.0 rad/s), whereas the frequencies of 0.01 rad/s and 0.001 rad/s are chosen below the cross-over point. From the data, plotted on the logarithmic scale, it is apparent that the elastic modulus at low frequencies increases with the increase in filler content at low concentrations.
Wide angle X-ray diffraction on HDPE/rGON composites under flow conditions
It is well established that flow plays a crucial role in the extension and orientation of polymer chains, resulting in the formation of highly anisotropic, oriented structures upon crystallization [37, 38] . Nanofillers are known to have a noticeable influence on chain extension and orientation influencing relaxation dynamics. The non-equilibrium, constrained melt serves as precursors for crystallization. To have insight on the influence of rGON on the polymer melt after application of non-linear shear, we monitored the Herman's orientation factor of the samples by WAXD following Protocols A and B depicted in Schemes 1 and 2, respectively. The difference in the schemes is on the annealing time after the application of shear in melt. The orientation of polymer crystals are estimated by calculating Herman's orientation factor f h using equation (1) [39],
Where f h is the Herman's orientation factor, < 2 ∅ > is the average cosine squared weighted by the intensity as a function of the radial angle for the oriented crystallographic planes and it can be calculated from equation (2) [39],
Equation (2) where I(θ) is the intensity of the planes normal to c-axis and θ is the azimuthal angle.
Herman's orientation factor gives a good qualitative description of the average crystal plane orientation. The value of f h may vary between -0.5 and 1.0 for perpendicular and parallel crystal plane orientation with respect to the flow direction, respectively. Figure 6a and Figure 6b illustrate the Herman's orientation factor for diffraction planes (110) and (200) In the neat sample the cause of the orientation can be attributed to higher relaxation time of the higher molar mass component compared to the low molar mass component in the sample having broad polydispersity. Most of the low molar mass polymer chains in the neat sample tend to relax after the application of shear. The reptation time determined from the cross-over point of the sample is approximately 1 s, Figure 4b . The difference in the relaxation times of PE chains having different molar mass contributes to the anisotropic structure of the crystallized material, Figure 6 . However, the enhancement of anisotropy in the composites is dependent on the filler content. After shear, the mobility of chains is highly restricted by the filler-chain interaction.
With increasing filler concentration, more polymer chains are hindered and hence the orientation becomes more pronounced. The corresponding WAXD patterns of the samples recorded at 90 °C after cooling are illustrated in Figure 7 where anisotropic rings of (110) and maintain orientation even after isothermal annealing in melt for 10 min. In addition, the obvious orientation of the chains in the presence of filler may arise from the adsorption of HDPE chains on rGON that leads to significant chain stretching in a shear field. These adsorbed oriented chains contribute to the formation of non-equilibrium oriented domains, which enhances crystallization followed by the development of highly anisotropic structure. The influence of the filler concentration on chain orientation is evident. Their corresponding 2D patterns recorded at 90 °C, after the shear, isothermal treatment and crystallization, are shown in Figure 7 where the neat sample shows an isotropic pattern whereas the composites show orientation for both (110) and (200) diffraction planes, indicating chain orientation due to strong chain-filler interaction that hinders the relaxation of chains.
The Deborah number
To quantify the effect of flow on the microscopic chain configuration and to understand whether there is significant chain stretch occurring during applied shear that could cause flow induced crystallization [38] , the Deborah number accounting for the chain stretch relaxation and reorientation processes is calculated. Chain stretching refers to configurations where the length of the occupied tube departs from its equilibrium state [40] , while reorientation occurs by reptation dynamics.
The Deborah number proposed by Reiner, describes a non-dimensional number that distinguishes how a particular material behaves within a given time scale [41] , as shown in Equation (3).
= Equation (3) where t rel refers to time required for material to relax and t obs refers to the time of observation.
De has been applied under shear flow to investigate the crystallization behavior of stretched chains in flow induced crystallization (FIC) [38] . For this purpose, two time scales, τ rep and τ s , have been proposed to quantify the orientation and stretch using two Deborah numbers described in equations (4) and (5), for the applied shear rate. Where τ rep refers to longest reptation time, Equation (6) where τ d is given by 3Z 3 τ e , Z is the number of entanglements per chain, Z=M w /M e , of high molecular weight chains (HMW) with M e =828 g/mol [43] and M w =2.6×10 5 g/mol, Figure 1 .
Equilibrium time at 136 °C, τ e =1.75×10 -8 s, is extrapolated from the equilibrium state at 190 °C (7×10 -9 s) using time-temperature superposition principle of Arrhenius dependence empirical expression with activation energy, E a =26.7 kJ/mol at 160 °C [44] . The retraction time, τ s , is obtained by Z 2 τ e . 33 The values of Z and τ d are given below:
The calculated values of τ rep , τ s and their De, at 136 °C, are reported in Table 3 . As reported in literature, in principle, significant chain stretch should occur when τ s ×>1 [40] , and this is considered an essential condition for the formation of shish-kebab precursor and thus shish-kebab structure after crystallization [38, 45] . In the case of shear rate of 1/s, De (s) < 1, only insignificant stretch can occur during shear. These results explain the absence of shish-kebab structure formation on the application of mild shear 1/s. In Figure 9 , 2D SAXS patterns of plain HDPE and its composites are shown. These patterns, following Scheme 1, were recorded at 136 °C just after the application of shear and at 90 °C on cooling to the crystallization temperature. 
FD
It is important to notice that the quantitative calculation of the Deborah number is strictly valid for the neat polymer, because τ e applied for the calculation is based on the polymer without any filler. The presence of graphene is likely to influence chain dynamics at different frequencies.
However, the relaxation moduli G' and G" in Figure 4 and Figure 5 , show no significant changes in the high frequency range (≥ 0.1 rad/s -i.e. higher than the cross-over frequencies) indicating that for the filler concentrations below 4.0 wt%, chain stretch relaxation is little influenced, and hence the calculated Deborah Number for the composites should not depart significantly from the true values.
Conclusions
Reduced graphene oxide nanoplatelets (rGONs)/high density polyethylene (HDPE) nanocomposites were prepared using a two-step solution/suspension method. 
